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NJMMARY

DATA

An analytical investigationhas been undertaken in an attempt to
learn more about the factors which mke up a spin and the mechanism of
recovery therefrom. Use is made of rotary-balance data and a step-by-
step integration process of Euler’s equations of motion allowing six
degrees of freedom. The present study makes an analysis of an airplane
recovery from a right spin where constant app~ed antispti yawing moments
due to application of 800 and 1,600 pounds of force at the left wing tip
are considered.

The results of the investigation indicate that the spin recoveries
for both applied yawing moments were fairly rapid (1 turn or less), the
larger applied yawing moment effecting a somewhat faster recovery than
the smaller one. When the smaller yawing moment was applied, oscilla-
tions occurred in the angle of attack and sideslip during the recovery
and gradually increased until recovery was effected. When the larger
yawing moment was applied, the angle of attack went rapidly to an
unstalled condition; however, the angle of sideslip oscilkted somewhat
during the recovery.
affected primarily by

The spinning and
stillLare subjects of

The recovery motion of the airplane appeared to be
the action of the moments rather than the forces.

INTRODUCTION

spti recovery of airplanes have always been and
concerm to manufacturers and pilots. The action

and effectiveness of various applied moments in upsetting spin equilib-
rium and in bringing about satisfactory recovery is not clearly under-
stood. Generally, dynamic scale models of airplanes are tested in the
Langley 20-foot free-spinning tunnel as an expeditious means of deter-
mining whether the spin-recovery characteristics of the airplane are
satisfactory. In the past it has not been possible to determine from
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2 NACA TN 3321

these tests how the various spin parameters change as the model recovers c,
in the tunnel, althou@ a twin-camera technique is currently being given
consideration for obtaining such data. A few full-scale spin tests have
been performed in tie past with the airplane instrumented to determine
various spin parameters; however, these tests were expensin, time con-
suming, and in many cases the data were not reliable because of diffi-
culties encountered in properly instrumenting the airplane. An analytical
study of the mechanism of spin recovery therefore appears to be desirabh;
huwever, the lack of the necessary six components of aerodynamic forces
and moments through a wide range of spin attitude angles and rates of
rotation generalJy has prevented an analytical investigation of the spin
recovery in the past. b one instance, an analytical investigation of
the spin recovery (ref. 1) was made by use of step-by-step calculations
to determine the rel.ati~ effectiveness of the rudder, elevator, and
ailerons of an airplane b producing recovery from a develaped spin.
This investigation,however, was limited to the study of the initial
motions immediately following the application of the controls and not of
the enttie motion until recovery was effected. Furthermore, the study
was hindered because canplete aerodynamic data were not available and
estimated constant derivatives were used.

The present investigation is an analytical determination of the
mechanism of airplane spin recoveries where different antispin yawing
moments (such as might be produced by rockets) are applied to effect a
spin recovery. This investigation utilizes aerodynamic forces and
moments obtained in the Langley 20-foot free-spinning tunnel from a six-
component rotary strain-gage balance over a wide range of spin attitudes.
The dati available were for a l/10-scalA?model of an unswept-wing fighter
airplane; also, results of tests of a l/20-scale dynamic model of the
ssme design were available. These aerodynamic data were used previously
in an analytical investigation of a spin recovery by rudder reversal,
the results of which have been published in reference 2.

Because of certain discrepancies in the rotary-balance data simi.lsr
to those discussed in reference 3, some mcd.ificationswere made to the
aerodynamic data used in calculating the results in reference 2 and also
the results in this paper; these discrepancies and modifications are
discussed in detail herein. The discrepancies in the rotary-balance
data are believed to be due to difficulties involved in setting the
attitude of the model b order to obtain correctly the aerodynamic data
foT simulation of a steady spin.

S-YMBOIS

The spin-recovery motions were calculated with respect to the body
system of axes (fig. 1) and the forces and moments also were measured
with respct to these axes. b addition, the calculated motions are
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presented in terms of ESiLer’ssagles (fig. 2). In
directions of the forces, moments, velocities, and

3

general, the positive
andes are shown in

figures 1 and 2. For convenience; the wing s@n b &s used to nondi-
‘,- mensionalize all moment coefficients.,,.

Cx longitudinal-force coefficient, ,&

Cy

Cz

%

z

L

M

N

s

b

P

lateral-force

“;PVR%

coefficient, + n
~v’s2P R

znormal-force coefficient, —

@R2S

rolling-moment coefficient, L

*PVR%

pitching-moment coefficient (subscript denotes that the
pitching moment was nondimensionalized by b rather

than t!), M

+R2sb

yawing-moment coefficient, N

&VR2sb

longitudinal force acting along Xbody axis, lb

lateral force acting along Ybody axis, lb

normal force acting along Z body axis, lb

rolling moment acting about Xbody axis, ft-lb

pitching moment acting about Ybody axis, ft-lb

yawing moment acting about Z body axis, ft-lb

wing area, sq ft

wing span, ft

air densi~, slugs/cu ft
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R

VR

Ujv,w

f-l

Iy - Iz
*2

spin radius in
to center of

I?ACATN 3321

developed spin, distance from spin axis
gravi*, ft —.

vertical component of veloci~ of airplane center of
gravity (rate of descent), ft/sec , ., :--,

,-
restitsnt linear veloci~, ft/sec .

components of velocity VR along the X, Y, and Z body

axes, respectively, ft/sec

resultant amgular ve>oci~ (if axis of resultant.rotation
is vertical, Q = *e), radiam~sec

‘components of anguhr veloci~ Q about the X, Y, and
Z body axes, respectively, radians/see

‘airplanerelative-density coefficient,
*

mass of airplane,
weight
—, slugs

g

local chord, ft

mean aerodynamic chord, ft

“ratioof distance of center of gravi@ rearward of leading
edge of mean aerodynamic chord to mean aerodynamic chord

ratio of distance between center of gravity and Xbody
axis to mean aerdynsmic chord (positive when center
of gravi~ is below Xbcdy axis)

radii of gyration about X, Y, and Z body axes, respec-
tively, ft

mments of inertia about X, Y, and Z body axes, respec-
tively, slug-ft2

‘tiertia

-inertia

yawing-moment parameter

rolling-moment parameter

— –——— — . — _ ._ — -———— .
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“’ inertia pitching-moment
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fgrodynamic yawing term

,.--” ,.

parameter ““
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KW~c rolling term

\

acceleration due to gravity, taken as 32.17 ft/sec2

total angular movement of Xbody axis from reference
position measured in horizontal plane, positive when
clockwise as viewed from above airplane, deg or radians
as indicated

total angular movement of Xbody axis from horizontal
plane measured in vertical plane, positive when airplane
nose is above the horizontal plane, deg or radians as
indicated

total angular movement of Ybody axis from horizontal
plane measured in the YZ body plane, positive when
clockwise as viewed from rear of airplane (if Xbody
axis is vertical, $e ismeasured froma reference
position in the horizontal plane), deg or radians as
indicated

(It should be noted that ee, @e, and we are -r ‘!3

space angles and can exceed 3600. The ~le we iS

sometimes referred to herein as an azimuth angle.)

angle between Y body sxis and horizontal measured in
vertical plane, positive for erect spins when right
wing downward and for inverted spins when left~g
downward, deg

-’.,,,,

resultant angular velocity about vertical axis, deg/sec
or radians/see as indicated

angk of attack; angle between relative wind VR pro-

jected into the XZplane of symmetry and the Xbody
axis, positive when relative wind comes from below
XYbody plane, deg
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=gle of sideslipj angle between relative wind VR and

plane of symmetry at center of gravity, positive when
relative wind comes from right of plane of symmetry,
deg

F applied force, lb

t time, sec

A 8pti of an

synibolrepresents derivative with respect to time; for

GENERAL CONSIDERATIONS

airplane is a motion wherein the airplane descends along
a helicai path with &e mean anghs of attack greater t&n the angle of –
attack at maximum Ilft. During the descent the spin may be steady or
oscillatory (a condition where the airplane w either, in combination or
individua~, roll, yaw, and pitch) depending on both the aerodynamic and
inertia characteristicsof the airplane (ref. 4). Ih order to understand
better the dynamics of the spin and spin recovery to be discussed in
detail later, a more general examination of the motions and the forces
and moments which cause them would appear to be desirable now. ti a
fuW developed steady spti (i.e. no oscillations present) the aerodynamic
forces and moments nmst be b~ced by the inertia forces and moments
produced by the rotating mass of the airplane h order to obtain a condi-
tion of dynamic equilibrium. Thus in a true steady spin all rates of
chsnge of velocities relative to the body axes are zero. All airplanes,
however, app~ently oscillate to some extent in the fully-developed spin
and therefore accelerations relative to the Ix@ axes are always present.

An airplane is considered to have recovered from the spin when the
angle of attack at the center of gravi~ of the airplane is below the
stall. Recovery from a spin is generally attempted by movement of one
or more of the airplane controti to upset the spinning equilibrium.
Application of a yawing moment has been recognized in the past as an
effective means of terminating spins, although recoveries of aiqibines
may be greatly affected by mass distribution to an extent that an applied
pitching or rollingmoment ~ybe essential for recovery (ref. 5). In
recovering from the spin the motion of the airplane may be quite vied.
In some instances, the time rate of change of the azimuth angle ye my
decrease to zero and thus indicates that the rotation of the airplane has
ceased. Ih :ther cases, the airplane may be turning or rolling, a condi-
tion where ~e would not be zero. These types of motion could be chssi-

fied as a spiral or aileron roll, respectively. Also the airplane may

— .-—.-.—
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rold_or pitch
is not zero.

The time

7

rapidly to an inverted attitude for which condition $e

for recovery of the airplane is measured from the time at
which the moment is applied until the spin is terminated. The nuniber
of turns for recovery which is normaldy used in the evaluation of spin
recoveries in the Langley free-spinning tunnel investigations can be
obtained from the ~ azimuth ~gle $e attained during recovery.

If the airplane recovers from the spin in 2~ turns or less after the

moment is ap@ied, the recovery is considered to be satisfactory.

PRmuRE

Method Of AT.ldySiS

In order to evaluate the various factors which influence the spin-
recovery motionz calculationswere made by using the six equations of
motion. A step-by-step rather than an analytic solution of these equa-
tions of motion was made because the wodynamic terms are nonlinear in
these equations since these terms are the product of two velocities, and
in addition the aerodynamic terms are nonlinear because of the large
angles involved in the spin recovery. Eulerrs step-by-stepmethod was
used as presented in reference 6. Eulerfs equations of motion for six
degrees of freedom (ref. 7) me so arrmged that the terms on the left
side of the equations are the aerodynamic and gravi~ component terms
and those on the right side are the inertia terms, including centrifugal
and gyrodynamic terms.

X- m(g

Y + m(g

Z+ m(g

L= fiIx

M = ~Iy

N = iIz

These equations are:

SiIlee) =lIl(il-rV+qW)

COS Qe sin $e) =’m(i - pW + Ill)

COS EleCOS @e) = m(fi- qU + pV)

- (Iy - ~)qr

- (Iz - Ix)pr

- (IX - Iy)pq

For this investigation the body axes are assumed to be the principal
axes and, consequently, the product-of-inertia terms are zero.

(1)

.— .—..—..+ . ——-—.— .—— — ———-— ._ .—.- .— .—- —. . . . .-
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The components of the weight along the I@Y axes are defined by the u
use of Eulerls angks. (See fig. 2.) By using-these particular angles,
a body can be positioned in space in the same attitude regardless of the
sequence of angular movement. .

a yawing moment is applled to
This yawing moment is obtained
of the airpls.ne,which is
applied at the wing tip, a term

For the calctitions in this paper,
the airplane to effect a spin recovery.
by applying a force at the left wing tip
spinning to the right. Since a force is
must be added to the longitudinal-forceequation, inasmuch as the force
acts parallel to the Xbody axis, and a term must be added to the yawing-
moment equation because the force produces a yawing moment about the
Zbody SXiS. If these two additional terms are included and the forces
and moments are expressed in nondimensional form, equations (1) may be
solved for the Unear and angular accelerations to be used in the step-
by-step calculations as follows:

. VR2
u=~cx ‘gSti6e+rV-qW+~

. VR2
=—c’lf+ gcoseesin$e+pw-ru

v 2pb

. %2
=—C~+g COSOe COS$e+ qll-pvw 2pb

‘=(a)c%:)qr

‘=(=)% +(%~:)pr

,=(3!&)%+p;~pq+

h order to determine Eulerts

in the calculations, the following

b
‘z?—
IZ

.

and $e for each step

(2)

equations from reference 2 are used:

&(-shee) =r(cos f3eSillf$e)- q(cos ee cos @e) (3a)

$-(cos ee s~pe) = p(COS ee COS @e)- r(-sin ee) (m) .I

—.. ——.—— .—.
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A(cos be Cos Pe)
dt

= q(-sin e~) - p(COS ee Sin #J (3C)

The ssme method as used previously in reference 6 (Euler’s method) is
used to determine we values of these angles. we third Euler angle ~e
is ddermined:,fr~ the fo,llw eq~tion given in reference 2 or 8:. . .-,,,..-, ---,~,: .,... ,._

j=~e-p
e sin Ele

(4)

W i9WcaW~%3rat@ ie over the time interval used, the change

h +e was obtained for that time period.

Consideration of Rotary-BaMce Data

The aerodynamic data used for the step calculations were obtained
on the rotary balance of the Langley 20-foot free-spinning tunnel. The
dimensions of the model are shown in figure 3 and the corresponding
full-scale dimensions me presented in table I. The correspondtig full-
scale mass parameters, control settings, and initial developed-spin
characteristicsof the model are shown in table II. These data include
no effects of accelerations such as are accounted for by the so-called
dot stability derivatives. The effect of the dot stability derivatives
on the spin and spin recovery me not known, since accelerations due to
oscillations c&not be simulated on the rotary balance. In order to
avoid extensive balance tests in the present investigation and also
because of limitations of the equipment, certain liberties were taken
with the control and attitude settings of the mcdel. Thus, a minimum
number of control settings were tested on the rotary-balance model.
For zero sideslip, the rudder was set with, neutral, and a@nst the
spin, and for dngles of sides~p other than zero, the rudder was main-
tained at neutral. Tn order to provide a rudder-with or rudder-a@nst
spin conditionfor angles of sideslip other than zero, the increments
of aerodynamic‘forcesand moments due to rudder deflection at zero side-
slip were added to the values of the aerodynamic forces and moments
obtained at other values of sideslip. h addition, because extensive
tests would ha~e been required, the spin radius was assumed to be zero
throughout the~resent investigation. Some previous unpublished data
obtained in the Langley 20-foot free-spinning tunnel have indicated that,
for apparent s%eady-spin conditions, the rotary-balance data were not
appreciably different when a value other than zero was used for spin
radius and when the spin radius was set at zero and u, ~, and 0 were
adjusted to ha~e the values that they would have had if a spin radius
other than zero had been used. It is possible, however, that if the
radius of turn should become relatively large, the use of zero-spin-radius
balance data in computing the spin recovery may have stie effect on that
part of the calculated motion.

——.—.—.—. -.. .— —___ ._____ ._— - -— —_—______ . .. . . .. . ________
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Results of the investigation of reference 3, in which a model was
mounted on the rotary balance at attitudes ad control settings corre-
spending to those for apparently steady spin conditions obtained previ-
ously with a dynsmic model, indicated that the aerodynamic data obtained .
were inconsistentwith the assumption of a steady spin in that the aero-
_c forces and moments did not balmce the inertia forces and moments.
Because of this discrepancy, it would be necessary to modify either the
aerodynamic data or the inertia characteristicsof the airplane to simu-
late equilibrium in a steady spin. h the present investigation also,
the aerodynamic and inertia forces and moments were not in balance for
the initial steady spinning motion, and thus it was arbitrarily decided
to modify the aerodynamic data by adding the required increment to each
force and moment coefficient to indicate equilibrium in the steady spin.
During the calculated spin-recoverymotion, the aerodynamic data were
mcdified by adding these same increments at each time interval. The use
of these corrections does not mean that the balsnde gives erroneous
readings; as previously mentioned, the inconsistenciesare believed to
be primarily due to difficulties tivolved in setting the attitude of the
model in order to obtain correctly the aerodynamic data for simulation
of a steady spin. P

Some of the modifications or corrections to the aerodynamic data
were rather large; however, the corrections made to the aerodynamic data
did not change the slopes of curves plotted from the aerodynamic data with
respect to the variables of the motion, and these corrections might there-
fore be considered to represent a change in the aerodynamic characteristics
of the model in order to obtafi equilibrium in a steady spin without
changing the stabili~ of the airplane in the spin. Thus, if the stibiliw
of the airpbme in a spin determines the more important characteristics of
the spin-recoverymotion, the calculated recovery may represent fairly well
that of the actual rotary-balance mcxleltested.

CONDITIONS FOR C~ONS

With the addition of the incremental corrections to the aerodynamic
data, the airplane is considered to be in a condition of spinning equilib-
rium at zero time; the airplane also is considered to be spinning to the
right at an altitude of 1~,000 feet. For the particular spin considered
in the calculations, the rudder was with the spin, the elevator up, and
the ailerons against the spin. The initial developed spin characteristics
of the airplane were obtained by taking the average values of the spin
characteristicsavailable from free-spinning test results of a l/20-scale
-C model of the unswept-wing fighter airplane andby assuming that
these average values constitute a so-called s~eady spin. Since ee and

$& are constit in a steady spin, be ~d $e were zero.

—
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For the purposes of comparison, recovery from the spin is attempted
at zero time by applying 800 pounds of force at the wing tip for the first
condition and 1,6oo pounds of force for the second condition (equivalent
to -20,000 and -40,000 foot-pounds of yawing moment, respectively). The
force acts resrward on the left wing tip of the airplane so that sm anti-
spin yawing moment is applied about the Z bcdy axis. The application of
the force is parallel to the Xbody axis and acts continuously throughout
the attempted spin recovery. Also, all controls are maintained in their
original settings throughout the attempted spin recovery.

The time interval between steps in the simple Euler step-by-step
procedure should be small enough to insure reasonably accurate results.
Brief calculationswere made tith the time interval varied in order to
arrive at a time interval that would give reasonably accurate results
and yet would not unduly lengthen the calcuktions, which were performed
by use of manually operated machines.

PRESENTATION OF RESUL%3

The data are presented for the applied yawing moments and are in
terms of the full-scale airplane motion. The results of the calculations
are plotted in the figures as functions of time. The figures for the
various variables are listed in the followhg table:

Variable

Ihear accelerations, L, ~,andfi . . . . . . . . . . . . .
Angular accelerations, ~, Q,andi . . . . . . . . . . . .
Angle ofattack aandsideslip ~ . . . . . . . . . . . . .
Eu.lerspaceamgles, ee and @e. . . . . . . . . . . . . . .

Terms composing linear accelerations . . . . . . . . . . . . .
Terms composing angular accelerations . . . . . . . . . . . .
Linear velocities, u, v, and w . . . . . . . . . . . . . .
Angular velocities, p, q, and r . . . . . . . . . . . . . .
Resultit and vertical veloci~, VR and Vv . . . . . . . .

Comparisonof VR and Vv. . . . . . . . . . . . . . . . . .

$e and $6 . . . . . . . . . . . . . . . . . . . . . . . . .

As previously mentioned,

. . 4

. . 5

. . 6

. . 7
8ad9

loarldl.1
. . 12
. . 13
. . 14

. . 15

. . 16

DISCUSSION

yawing moments of -20,000 and -40,000 fbot-
pounds were applied to the airplane to effect a recovery. 13asedon the
resultant 13near veloci@ in the steady-spin condition, these moments are
equivalent to yawing-moment coefficients of -0.027 and -0.@, respec-
tively, at the spin altitude.

.-—-— —. . .. .. —.. —..——.. ____ .. . ----- —————. —--- . ..— -— — —.—. .
. . .



12 NACA TN 3321

Comparison of Varied Yawing Moments on Spin Recovery

The variation of the components of the linear and angular accelera-
tions, or time rates of change of velocities, of the airplane (figs. 4
and 5) along and about the body axes which resulted frm the application

o

of -20,CX10and -k0,000 foot-pounds of yawing moment indicated that those
producedby the -kO,CKIOfoot-pounds of yawing moment were larger through-
out the entire spin recovery (t = O to 1.5 seconds) than those produced
by the application of the -20,000 foot-pounds of yawing moment for the
same period of time.. However, tie values at the end of the spin recovery
(t = 3.45 seconds) for the condition for which -20,000 foot-pounds of
yawing moment had been applied were considerably larger than those at
the end of the spin recovery for the condition fm which -k0,000 foot-
pounds of yawing moment had been applled.

With the application of the smaller antispin yawing moment, oscilla-
tions occurred in the sngle of attack and sideslip (fig. 6) during the
spin recovery which gradually increased until recovery was effected
(a goes below stan angle). When the larger yawing nmment was app13.ed,
the angle of attack went rapidly to anunstalkd condition (fig. 6);
however, the angle of sides13.poscil&ted somewhat during the recovery. >

In order to ascertiin how the attitude of the airplane was changing
in space during the spin recovery, two of the Euler space angles (ee and ‘

@e) were plottidtifi~e 7forboti the -20,m and -40,CO0 foot-pounds
of app~ed yawing moment. b general, when the small antispin yawing
moment was applied, the airplane rolled to the right 8° (t = 1.25 seconds)
and then rolled to the left 40° (t = 2.35 seconds) as the airplane pitched
down from a value of ee of -k-k”to -71°. At this point the a&plane

pitched up to -500 (t = 3.00 seconds) and then down to -~ where the
calculations ended. h the meantime the airplane rolled very rapidly from
the left to the right and continued to roll to the right until it rolled
over inverted (@e > 9@) at a time of 3.“52 seconds.

}?henthe large antispin yawing moment was applied, the airplane
pitched down rapidly from -kk” to -l@” (t = O to 2.00 seconds) while
rolling to the right 41°, even though the ailerons were against the spin.
This behavior will be discussed in detail in a subsequent section. The
fact that ee exceeded -900 ticated that the airplane had pitched over
in an tnverted position. Thus, one of the essential differences observed
in the types of recoveries was that, with the application of the small
antispin yawing moment, the airplane rolled over to an inverted position
or low angle-of+ttack attitude; whereas, with the application of large
antispin yawing moment, the airplane pitched over to an inverted attitude.

It might be of interest to note that, when the small antispin yawing “
moment was app~ed, the resultant angular veloci~ Q actually increased
appreciably nesr the end of the spin recovery (fig. 13, t = 3.(Xlseconds)

.

—.
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and then decreased rapidly. This increase in Q was the result of an
increase in the rolXng angular veloci& p due to a ro12ing moment which
was caused by negative sideslip previous to the increase in Q. When the
large antispin yawing moment was applied, Q decreased continuously
throughout the recovery (fig. 13).

Evaluation of Terms in Equations of Motion

The motion of an airplane in a spin recovery is very complex because
many interrelated variables determine the motion, as indicated by Eulerrs
equations of motion about amd along the principal axes of the airplane.
In order to understand the mechanism of recovery when different antispin
yawing moments were applied, it appeared desirable to determine to what
extent the different terms in Eulerts dynamical equations affected the
motion of the airplane in the present investigation.

bsmuch as the attitudes in the spin and recovery are influenced by
the linear and angular velocities, which in turn can be determined from
the time rates of change of velocities, time histories of the terms that
compose the linear accelerations along the X, Y, and Z body axes for both
applied yawing moments were plotted in figures 8 and 9 and of the terms
that compose the angular accelerations about the X, Y, and Z body axes
were plotted in figures 10 and 11. The results in figures 8(a) and 9(a)

indicated that the aerodynamic-longitudinal-forceterm
VR2
~ Cx and the

applied force term F/m were relatively small and therefore negligible
in determining fi. Although the applied force was relatively sma~ in
this investigation, it may not always be insignificant. In figures 8(b)
and 9(b), the results indicated that the gravity term g cos ee sin $e

and the aerodynamic lateral-force term
VE2
~ CY were negligible in

determining ~. All terms appeared to be”important in determining *.
(See figs. 8(c) and 9(c).) ‘Theresults presented in figures 10 and Kl
indicated that all terms had a~roximately the same relative importance
in determining the angular accelerations (~, & and i). For this
investigation, it should be noted that, for a right erect spin and up
to the time of recovery, u, w, p, and r were always positive
(figs. 12and 13).

lhasmuch as the aerodynamic longitudinal and lateral forces were
negligible, the resultant aerodynamic force lay approximately along the
Z body @S. Although the force of gravity did not affect the magnitude
of + (eq. (2)) appreciably (because either @e was small or ee -s
large during the spin), the gravity terms were important in the equations
for determining h and i. Generally, the resultant aerodynamic force
and the gravity force might affect the angles of attack and sideslip

. . . . . .-—.. ——---- .-———— --.——.-. —— — —.- — .-— — --- —---—---—— --——--—-—- --—-
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through changes in the direction or magnitude of the resultant wind VR

(fig. 14). A comparison between the resultant and vertical linear veloc-
ities (VR and Vv, respectively) in fi~e 15 sh~ed no essential ~ffer-

ences; thus the path of the airphne center of .gravi@, or the direction
o

of the resultant wind, remained almost vertical in this investigation.
The movement of the airplane center of gravity horizontal, therefore,
was small. Also, because the path of the airplane center of gratity was
essentially vertical in this investigation,the vertical component of the
resultant aerodynamic force and the force of gravi~ appear to have no
appreciable effect on the angles of attack and sideslip except thrOUgh
the influence of achange in dynamic pressure on the moments acting.

During most of the recovery the variation in the magnitude of the
res~kt wear veloci~ VR (fig. 14) was small; therefore, the vertical
component of the resultant force nearly balanced the force of gravity.
Near the end of the recoveryjespecia12y for the condition where the
-20,000 foot-pounds of yawing moment was applied, VR increased appre-

ciably as did Vv (t = 3.0 seconds); this increase indicated that the
vertical component of the resultsnt aerodynamic force decreased.

The foregoing discussion indicates that, in this investi~tion, the
forces were relatively unimportant in determining the spin-recoverymotion
and only the moments were probably significant.

Effect of the Application of -20,000 Foot-Pounds of

Yawing Mxnent on the Mechanism of Spin Recovery

Application of -20,000 foot-pounds of yawing mament led to an imne-
diate yawing angular deceleration (negative i), which decreased the yawing
angular veloci~ r (figs. 5 and 13, respectively). There was little
imediate change in the rolling velocity p (fig. 13). Ikcause of the

decrease in r, the gyrodynamic pitcldng term
P ~;xk

in the equa-

tion for 6 was decreased immediately so that an unbalance between the
~~c ~d aerodynamic pitching moments caused the airplane to pitch
down immediately (negative q). (See figs. 10(b) and 13.) The sideslip,
which had been slightly ou~d (negative) in the spin, immediately began
to change until it became positive at a time of 0.80 second (fig. 6).
!IMischange in sideslip angle was primarily due to a reduction in the
yawing velocity of the airplane associated with the applied yawing moment
rather than due to an attitude change. A%rief explanation of this
relationship is as follows: The angle of sideslip for this phase of the
motion (fig. 6, t = O to 0.80 second) is determined primarily by v since

( )
VR is rekti~~ c~S~t ~ = S~-l& . Since v is determinedly

VR

~, $ also is determinedly ~. ‘--As previously mentioned, the important

.——— ———
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.

r

terms in the equation for ~ (eq. (2)) are pw and ru. For this
phase of the motion (t = O to 0.80 second), w and u (fig. M?) change
only slightly and p is essentially constant (fig. 13); thus r, which
varies appreciably (fig. 13), is the primary factor in determining the
sideslip angle. Since r is determined by changes in *, determination
of the quantities that affect ~ is necessary. As indicated in equa-
tion (2), the yawing angular acceleration f can be affected by the
constant applied yawing moment, the rou and pitching velocities, and
the aerodynamic yawing moment as influenced by attitude changes of the
airplane. The results in figure 1O(C), where the terms composing &

b

% is considerablyare plotted, show that the applied yawing-moment term —
12

larger than the other terms for the time interval considered (t = O to
0.80 second). This result indicates that the applied yawing-moment term
primarily determines the value of & and thus the sideslip angle.

As previously mentioned, p remained essentially constant for the
- time interval considered (fig. 13, t = O to 0.80 second) because i
was almost zero (fig. 5). There was little rolling angular acceleration
fi because as the airphe pitched down (fig. 7) a positive increase in
the gyrdynamic rolling moment resulted (fig. 10(a), t = 0.50 second).
This increase, however, was qtickly compensated for by a negative increase
in the aerodynamic rol.lingmoment (fig. 10(a), t = 0.50 second) apparently
due to positive sideslip.

For this phase of the recovery (up to t = 0.80 second) although the

()IX -●ly
gyrodynamic yawing term

12 pq (fig. 1O(C)) became positive (pro-

spin) because of the combi&tion-of a negative pitching velocity and a
negative loading (Ix - Iy), the yawing angular acceleration. & (fig. 5)

continued to remai-nnegative; thus the yawing angular velocity r con-
tinued tobe reduced (fig. 13). This reduction in r continued because
the applied antispin yawing moment was considerably larger than the gyro-
-C Wtingmoment, and the aerodynamic yawing moment was very smau

for this phase of the recovery and therefore did not influence the motion
to any appreciable extent. (See fig. 10(C).) It should be noted,
however, that for a smaller applied yawing moment or a different loading
the gyr~c and aerodynamic yawing moments may be much more
significant.

As the angle of attack continued to decrease, the sideslip began to
decrease positively (fig. 6, t = 1.20 seconds) and eventually became
negative (fig. 6, t = 1.4o seconds). ‘Thisdecrease appears to occur
primarily because the aerodynamic rolling moment due to dihedral effect
eventually became slightly larger negatively than the gyrodynamic rolllimg
moment (fig. 10(a), t = 0.80 second) and thus at some”time previous to

.--—.. -— - .- —...-—-- - - - --- ————- . - - --— -——— ——- .—.- . . -
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the decrease in sideslip, the airplane began to roll slightly to the left
about its X body axis. In addition, as the angle of attack decreased,

the aerodynamic pitching term
VR2
@‘~ bee- s~mr than the ~0- .

dynamic pitching term
()

IZ
- lxpr (fig. 10(b), t = 1.50 seconds);
Iy

eventually a nose-up pit>hing ~oment and a positive & resulted (fig. 5,
t = 1.70 seconds). Therefore, the angle of attack eventually began to
increase (fig. 6, t = 2.1o seconds). The failure of the ~odynamic
pitching moment to decrease as rapidly as the aerodynamic pitching moment
apparently may be explained by the fact that, although there was a decreasf
in the yawing angular veloci~ r, there was also an appreciable ticrease
in the rolling angular veloci~ p because of negative sideslip (dihedral
effect). It should %e noted that the angle of attack previously had been
decreasing continuo~ly from zero time until the end of 2.1 seconds. The
angle of attack at this time was approximately 17.5°. The airplane was
not considered to %e out of the spin at this time, as it was still beyond
the stalling angle of attack of the model from which the rotary balance
dati were obtained (a = no); the azimuth angle Ve was still increasing .

(fig. 16).

As the angle of attack increased (fig. 6, t = 2.25 seconds), the ‘1

negative sides~p continued to increase for a very short period and then
began to decrease very rapidly (fig. 6, t = 2.5o seconds). !l?hisrapid
decrease in the negative sideslip was due to changes both in the yawing
motion and the attitude of the airplane and may be explained in the
following manner. The use of a methml of analysis similar to one employed
previously in this report indicates that, from an examination of the
equations for + and ~ and also figures 8, 10, 3.2,13, and 14, the
change in sideslip was due in part to the yawing motion resulting from the
applied yawing moment and in part to the pitching up and rapid rolling to
the right of the airplane about its Xhody axis because of a large positive
aerodynamic ro~ moment (fig. l@a)j t = 2.25 to 2.87 seconds). ~is
large moment was primarily the result of a large dihedral effect and the
fact that the resultant wind veloci~ VR (fig. 14), which had not varied
much up to this time, began to increase more rapidly throughout the rest
of the recovery; thus the nagnitude of the aerodynamic moments was also
increased. In addition, the antispin ~odynamic rolling moment was very
small (fig. 10(a), t = 2.25 to 3.00 seconds), almost insi~ificant, during
thSs phase of the recovery as both q and r had small ~ositive values
(fig. 13). The pitching angular velocity q had a small positive value
because of a large reduction in the aerodynamic nose-down pitching moment
that occurred at t = 2.1 seconds (fig. 10(b)), where the angle of attack
had reached a minimum (fig. 6). The yawing regular velocity r had a
small positive value because of a large negative i (fig. 5) as a result
of a conibinationof negatin aerodynamic and ~odynamic yawing moments
and the applied negative yawing moment (fig. 10). The negative gyrcd.ynmic
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yawing moment resulted from a conibinationof a positive pitching veloc-
ity q (resulting from the airplane pitching up) and a negative mass
loading IX - Iy of the airplane. The aerodynamic yawing moment became

negative primarily because of the yawing moment due to negative sideslip.

As the negative sideslip continued to decrease rapidly to zero, the
rate of increase in the angle of attack began to decrease (fig. 6,
= 2.75 seconds) because the aerodynamic pitching moment was rapidly

~ecoming larger negatively than the gyrodynamic pitching moment (fig. 10(b),
t = 2.50 seconds). The increase in the aerodynamic pitchhg moment
resulted from an increase in angle of attack and the increase in VR,
whereas the modynamic pitching moment decreased positively because the
prduct of the rolling and yawing angular velocities was decreasing
(fig. 13).

The angle of attack eventually reached a peak at a time of 3.0 sec-
onds (fig. 6) and then decreased very rapidly. The rapid decrease h
angle of attack can be attributed to the relativdy large negative aero-

-C Pitt- m~nt, which ako peaked moud 3.0 seconds (fig. 10(b)),
and the fact that the gyrodynamic pitching moment decreased somewhat more
rapidly than previously (fig. 10(b)). The rapid decrease of the ~o-
dynamic pitching moment occurred because the rolling angular velocity p
was decreasing very rapidly (fig. 13, t = 3.0 seconds); thus the occurrence
of a slight increase in the yawing angular velocity r was offset (fig. 13,
t = 3.25 seconds). The rapid decrease in p maybe attributed primariJy
to the large negative aerodynamic rolling mxnent due to dihedral effect and
the fact that t>e ailerons, which were against the spin, became more effec-
tive at the very low angle of attack. ‘l%egyrodynamic rolling moment,
which was positive (because q was negative), was nevertheless small
compared to the large aerodynamic rolling moment, even though q and r
both increased somewhat (fig. 13). ~is increase in r was the result of
the aerodynamic yawing moment becoming positive primarily because of
positive sideslip and the gyrodynamic yawing moment also becoming positive
because, as previously mentioned, q was negative.

For the final phase of the recove~ motion, the angle of attack
decreased until it became negative at a time of approximately 3.55 seconds
(fig. 6). The recovery of the airplane was considered to be completed at
a time of 3.45 seconds where it became unstalled. The magnitude of the
azimbth angk ~e (fig. 16) became a maximum at a time of 3.20 seconds;

this indicates that the rotation of the airplane about a vertical axis had
ceased. This result indicates that the airplsne recovered in approximately
one turn.

-. . .. . -—.. . _._—____ ____ . ___ __- — -—- . —.-. . . . __ ___
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Effect of the Application of -40,000 Foot-Pounds of

Yawing Moment on the Wchamism of Spin Recovery
.

When the large antispin yawing moment (-40,000 foot-pounds) was
applied, like the smaller yawing moment, it hmediately made the yawing
angular acceleration 5 negative (fig. 5), which in turn reduced the
~~ ~ velocim r (fig. 13). The yawing angibr velocity r
decreased consideraldyfaster for the li%rgerapplied antispin yawing
moment than for the smaller one (fig. 13), even thou@ the ~cdynamic
and aerodynamic yaw5ng moments generally were positive (pro-spire)for
the entire spin recovery (fig. n(c) ). The rolling angular velocity p,
in general, was affected in the same manner by the large applied antispin
yawing moment as by the smaller one in that p did not vary appreciably
during the first part of the recovery motion (fig. 13, up to t = 0.85 sec-
ond).r?chasr decreased rapidly, the ~odynamic pitching

term Iz-I

~
pr decreased rapidly (fig. U(b)) and resulted in a large

unbalance between the ~c and aemdynmnic pitching moments. The
airplane consequentlybegan to pitch down rapidly. !Ibesideslip, which
was initially negative, changed rapidly until it became positive (fig. 6,
t = 0.50 second). ‘I!hechange in sideslip was primarily due to a change
in yawing velocilqyassociated with the app~ed yawing moment (rather than
due to an attitude change). ‘I!bisconclusion is obtained on the basis of
the same methcd of analysis that was employed previously for the condition
where the small yadng moment was applied.

l?heangle of attack was reduced continuously throughout the recovery
from zero time (fig. 6). ~s differed from the motion which was produced
when the small yawing moment was applied. Klso, the resultant wind veloc-
i~ VR did not vary a~reciably during the entire spin recovery (fig. 14)
apparently because the recovery was so rapid that VR did not have time
to increase appreciably as it did when the small yawing mmnent was applied.

l% the final phase of the recovery where the angle of attack was
reduced until the airplane was below the stall, the rolling angular veloc-
ity p decreased very rapidly because of ~dral effect and because the
ailerons which were set a@nst the spin had become very effective at low
-S of attack (fig. 13, t = 1.5 to 2.0 seconds). The airplane was
considered to have recovered from the spin at a time of approximately
1.5 seconds when the airplane became unstalled even though the azimuth
@ ye c~tfiued to ticrease slQrtly throughout the recovery (fig. 16).
This rotation to the right continued because in addition to the rudder
be- set so as to keep the airplane turning to the right the momentum of
the airplane undoubtedly forced it to continue to rotate to the right for
a short while. The airplane appeared to have recovered in approximately
one-third of a turn (fig. 16). .
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Comparison Between Spin Recoveries Obtained by Applying

a Constant Yawing Moment and by Rudder Reversal

A brief comparison has been made between a spin recovery calculated
herein for a condition where -20,~ foot-pounds of constant yawing
moment was applied and a recovery calculated in a previous investigation
(ref. 2) wherein recovery was effected by rudder reversal from the same
initial developed spinning condition as used in this paper. The yawing-
moment coefficient due to rudder reversal was -0.0022 as compaxed to
-0.027 for -20,CQ0 foot-pounds of applied yawing moment.

In general, the variations of the time histories of the angle of
at-ck and sideslip for the conditions where the yawing moment was
applied and the rudder reversed were similar in that oscillations
occurred in the angle of attack and sideslip which gradually increased
until recovery was effected. l%e time for recovery when the rudder was
reversed was approximately 5.7 seconds and the turns for recovery were 2;
for the condition where -20,~0 foot-pounds of yawing moment was applied
the time for recovery was 3.55 seconds and the ntier of turns 1. The
results obtained when the rudder was reversed also indicated that the
airplane descended h an almost vertical path which was similar to the
motion obtained when the -20,0~ foot-pounds of yawing moment was applled.

CONCLUSIONS

An analytical investigation of the mechanim of airplane ~pin
recove~ with different applied antispin yawing moments indicates the
follcndng conclusions:

1. l%e recoveries were satisfactory for both applied yawing moments.
Ibth recoveries were very rapid, the larger applied yawing moment effec-
ting a somewhat faster recovery than the smaller one.

2. When the sma~r yawing moment was applied, oscillations occurred
in the angle of attack and sideslip during the recovery which gradually
increased until recovery was effected. When the larger yawing moment was
applied, the angle of attack went rapidly to an unstalled condition;
however, the angle of sideslip oscilhtid somewhat during the recovery.

3. The recovery motion of the airplane appeared to be affected
primarily by the action of the moments rather thsm the forces.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Iangley Fiefi, Va., Septenib- 24, l$@; .
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TABLE I

DIMENSIONAL CHARACTERISTICS OF TEE FULL-SCALE AIKPIJNE

REPRESENTED BY TEE l/10-SC~ ROTARY-BALANCE lD1.EL

wing span, ft .
Overall length,

Wing:
Area, sq ft .

“ 50.35. . . . . . . . . . . . . . . . . . . . . . . . .
ft . . . . . . . . . . . . . . . . . . . . . . . 44.70

. . . . . . . . . . . . . . . . . . . . . . . . . h25.0
Airfoil section,root. . . . . . . . . . . . . . . . NAcA65(~)-213

Airfoil section, tip . . . . . . . . . . . . . . . . NAcA65(~)-213

Root-chord incidence, deg . . . . . . . . . . . . . .’. . . . . 2.5
Tip-chord incidence, deg.. . . . . . . . . . . . . . . . .. 2.5
A.spectratio . . . . . . . . . . . . . . . . . . . . . . . ..6. o
Sweepback ofleading edge of wing, deg . . . . . . . . . . . . 0
Dihedral, leading-edge chord line, deg . . . . . . . . . . . . 6.0
Meanaerodynamic chord, ?!,in. . . . . . . . . . . . . . . . .115.00
Leading edge of mean aerodynamic chord rearward of leading
edge ofwing, in..... . . . . . . . . . . . . . . ...’. 0

Flaps:
Chord, percent of wing chord . . . . . . . . . . . . . . . . . 18.75
Area (rearward of hinge line), percent of wing area . . . . . . 12.55
sps.n,percen to f~spa n... . . . . . . . . . . . . ...44.0

Ailerons:
Chord, percent of wing chord . . . . . . . . . . . . . . . . . 20.00
Area (rearward of hinge line), percent of wing area . . . . . . 5.90
@an, percent of wing span... . . . . . . . . . . . . ...44.8

Horizontal tail surfaces:
~talarea, si ft....-.. . . . . . . . . . . . . . . . .“.108. o
Span, ft . . . . . . . . . . . . . . . . . . . . . . . . ...23.33
Elevator area (rearwardof hinge line), sqft . . . . . . . . . 30.0
Diytance from normal center of gravity to elevator hinge

line,f t. . . . . . . . . . . . . . . . .

Vertical tail surfaces:
Total area, si ft....... . . . . . . .
Rudder area (re~ dof hinge line), sqft .
Distance from normal center of gravity to top
hinge line, ft . . . . . . . . . . . . . .

. . . . . . . . . 24.20

. . . . . . . . . 36.0

. . . . . . . . . 13.2
of rudder
. . . . . . . . . 23.05

.

/

——. —..—.—..-
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TABLE II

MASS PARAMEEIXRS,CONTROL SETICDWS, AND DEVELQPED-SPIN

CHARACTERISTICSFOR AIRPLANE CONFIGURATION

Mass parameters:
Weight, lb .
x/E....
+.. . .
p at 15,CK)0
Ix slug-ft2
Iy, slug-f=
Iz, Slug-ftz

IX - Iy

~

Iy - Iz
*2

~-Ix

mb2

.

.

.

.

.

.

. . . . . . .

. . . . . . .

. . . . . . .
feet altitude
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Control settings:
Elevator, up (stick back), d.eg
Ailerons, against spin (stick I.eft

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

right), deg . . . . . . . . . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. . . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

●

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
to pilot‘s
. . . . . .

Rudder with spin (right pedal forward in SpilltO
pilot’s right), deg...... . . . . . . . . . .

De@oped spin characteristics:
*e Or Sl,~anS/sec . . . . . . . . . . . . . . . .

Oe, radians/see.... . . . . . . . . . . . . . . .

~e, radims/sec . . . . . . . . . . . . . . . . . . .

-ee, ta g . . . . . . . . . . . . . . . . . . . . . .
$,deg . . . . . . . . . . . . . .. d.... . . . .
VV, ft/sec . . . . . . . . . . . . . . . . . . . . . .

Ra ft . . . . . . ...”... . . . . . . . . . . . .
a, deg . . . . . . . . . . . . . . . . . . . . . . . .
p,deg. . . . . . . . . . . . . . . . . . . . . . . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

●

✎

. 17,835
0.212

: O.oog
. 17.35
. 17,342

● 37,920
. 53,396

147 x 10-4

-llox lo~

257 X 10A

. . . 20

t14. . .

. . . 30

● ✎ ✎ 2.ti5
. . . 0
. . . 0

. . . 44

. . . 0.4

. . . 216

. . . 6.62

. . . 46

. . . -3.4

——— -— .—_—
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Y

Figure l.- Body system of sxes. Arrows indicate positive directions of
the forces, moments, velocities, and angles.

.

. ..._ .. . . ... . . . ._ . .. --- .- .- —— . . . ..—.—..————— —— .—. .. -



24 I’wX m 3321

z

Figure 2.- Sketch illustrating Euler’s space angles.

.
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1.60” -+ &12.40”+

Elevator hinge p ‘-o” .
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L
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-vI
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.53.64”
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4.26”

Rudder hinge
.65 C ‘ 10.90”

-— _.~ _. —— . A

Figure 3.- Drawing of l/10-scale rotary-balance model of fighter airplane.
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